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interactions that position a euchromatic gene near a
heterochromatin domain influence its susceptibility to
transcriptional silencing.
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It is now well known that the transcription of eukaryotic
genes is regulated by specific combinations of cis-acting
regulatory elements: ‘enhancers’ that activate transcription
and ‘silencers’ that repress transcription. Recent evidence,
however, suggests that transcription can also be controlled
through a higher-order level of chromatin organization,
manifest as contact between distant chromosomal
domains. In Drosophila larval nuclei, the spatial juxtaposi-
tion of a euchromatic gene with centromeric heterochro-
matin correlates with its repression, even though the gene
may be far from the centromere along the linear DNA
sequence. Subnuclear organization may also influence the
efficiency of silencing in yeast, where silencer function is
influenced by chromosomal context, most notably by dis-
tance from the telomeres, which are clustered inside
nuclei. As the spatial organization of chromosomes within
the nucleus varies during cell differentiation, these find-
ings provide a new mechanism whereby a hierarchy of
sequence elements can be integrated into an orderly
pattern of gene expression.
Repression by juxtaposition with heterochromatin
Heterochromatin was originally defined as the parts of
chromosomes that remain fully condensed, and hence
dark staining, during interphase. The term is now widely
used for repetitive chromosomal regions that can induce a
generalized repression of transcription. In Drosophila, the
heterochromatin domains occur primarily at the simple
centromeric repeats, along the Y chromosome and in
various repetitive regions on chromosome 4. These are
dispersed throughout the embryonic nucleus, with no par-
ticular nuclear localization [1], although the centromeric
heterochromatin domains are clustered together in the
polytene chromosomes of larval salivary glands [2]. The
insertion of a euchromatic gene close to heterochromatin
results in its variegated expression, a phenomenon known
as position-effect variegation (PEV) (reviewed in [3]). An
unusual example of PEV is that induced by a dominant
allele of the brown gene (bwD), which results from the
insertion of a large block of heterochromatin into the
brown coding sequence. The brown locus is located at the
tip of the right arm of chromosome 2, far from the cen-
tromeric heterochromatin (Fig. 1a). In bw+/bwD heterozy-
gous flies, the heterochromatic insertion acts in trans to
repress the homologous wild-type copy of the gene, result-
ing in a variegated expression.
Two different laboratories have now shown, using fluores-
cence in situ hybridization, that both copies of the brown
gene are closely associated with the centromeric hete-
rochromatin of chromosome 2 in the interphase nuclei of
bw+/bwD larvae (Fig. 1b) [1,4]. No such association is
observed in wild-type bw+/bw+ cells, and the association
requires known modifiers of PEV, such as the heterochro-
matin binding protein HP1. Apparently, the heterochro-
matic insertion interacts with the centromeric
heterochromatin and the pairing of homologous chromo-
somes forces co-localization of the wild-type allele. This
suggests that the trans-repression is a consequence of
sequestering the wild-type gene into a specific hetero-
chromatic ‘compartment’.
Figure 1
(a) Drosophila chromosome 2, showing the euchromatin in blue and
the heterochromatin in yellow and orange. The brown locus (red) is
disrupted by the insertion of 2 megabases of heterochromatin in the
bwD allele. The AACAC repeat region, in orange, is specific of
chromosome 2 centric heterochromatin and was used to localise this
heterochromatin specifically by fluorescence in situ hybridization [1,4].
(b) In the larval nuclei of bwD/bw+, but not wild-type, larvae, both
brown alleles (red dot) are closely associated with the centric
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Silencing factors are concentrated at yeast telomeres
The silent mating-type (HM) loci and telomeres of the
budding yeast, Saccharomyces cerevisiae, are considered to
be heterochromatin-like regions, because they confer a
generalized transcriptional repression, which at telomeres
occurs in a variegated or stochastic fashion. The repression
is mediated in a dosage-dependent manner by histone-
binding factors that render nearby promoters less accessi-
ble to RNA polymerases. Both HM and telomeric
repression require the targeting of the ‘silent information
regulator proteins’ Sir3p and Sir4p to chromatin, through
specific interactions formed at cis-acting elements:
(TG1–3)n tracts at telomeres and silencers at mating-type
loci (reviewed in [5]). 
Interestingly, although the establishment of silencing
occurs independently at telomeres and at HM loci, the full
activity of silencers requires proximity to telomeres or to
interstitial telomeric DNA [6–8]. The HM loci are them-
selves only 12 and 25 kilobases (kb) from the telomeres,
but silencer-mediated repression at internal chromosomal
sites, 200–350 kb from the telomeres, is between two and
forty fold lower than at the telomeres, depending on the
relative strengths of the silencer and promoter tested. As
silencer-binding factors function primarily by targeting
Sir1p, Sir3p and Sir4p, one can bypass the need for a
silencer to repress a reporter gene by replacing it with a
Gal4p-binding site and expressing fusion proteins consist-
ing of the Gal4p DNA-binding domain linked to Sir3p or
Sir4p. As with natural silencers, these targeted initiators of
repression only function efficiently if a stretch of telom-
eric DNA is inserted near the reporter gene, or the
reporter gene has a subtelomeric chromosomal position
[9,10]. A similar dependence on chromosomal position was
observed when silencing was established by long stretches
of interstitial telomeric repeats [11].
Immunofluorescence studies show that, in yeast nuclei,
Sir3p and Sir4p are concentrated in a limited number of foci
which colocalize with subtelomeric repeats [12]. The con-
comitant overexpression of Sir3p and Sir4p, however, leads
to a diffuse staining of both proteins throughout the nucleus
and permits efficient silencer function at internal, non-
telomeric sites [8]. Similarly, the release of Sir3p and Sir4p
from telomeres [13] improves the internal silencing con-
ferred by targeted Gal4–Sir3p or Gal4–Sir4p fusion proteins
[9,10]. Thus, telomeres appear to boost silencing by creat-
ing a high local concentration of silencing factors, while
their concentration is low in the rest of the nucleoplasm. 
Thresholds and local concentrations
In both flies and yeast, PEV or chromatin-mediated
repression are extremely sensitive to gene dosage
(reviewed in [3,5]). In Drosophila, for example, deletion of
one copy of Su(var)205 suppresses PEV, while increasing
the gene dosage to three or more copies enhances PEV.
Su(var)205 encodes the HP1 protein, which is concen-
trated in the heterochromatin. PEV is also suppressed by
extra copies of the heterochromatic Y chromosome, indi-
cating that the global amount of heterochromatin is
limited in the nucleus. A similar competition has been
observed in yeast between telomeres and the HMR
mating-type locus [14], and between the two silent
mating-type loci, HML and HMR [15].
A second, striking parallel between Drosophila and yeast is
that the silencing of a gene reflects its proximity to a hete-
rochromatic domain. The trans-repression caused by bwD is
reduced when its distance from the centromere is
increased, and this suppression correlates with a loss of asso-
ciation with the centromeric heterochromatin in interphase
nuclei [4]. Conversely, chromosomal rearrangements that
move bwD nearer to centric heterochromatin enhance the
trans-inactivation of the wild-type bw+ allele. Furthermore,
position effects that are sensitive to Su(var) mutations and
Y chromosome dosage are observed at the telomeres of
chromosome 4 and on a minichromosome, where the telom-
eres are relatively close to the centromere (reviewed in [3]).
Finally, the variegation caused by multiple tandem repeats
of a mini-white transgene and that caused by multiple
tandem repeats of the brown gene are both enhanced by
their proximity to heterochromatin [16,17].
As different types of heterochromatin-related repression
are dependent upon nuclear localization and gene dosage,
an unequal distribution of limiting factors within the
nucleus may help regulate silencing. This model assumes
that a critical concentration of silencing factors must be
reached to establish the repressed state. This can be pro-
vided by proximity to centromeric heterochromatin or
telomeres, which provide multiple weak binding sites or a
‘molecular sink’ for the limiting species. This is most
strongly supported by the results mentioned above
showing that, in yeast, repression at internal sites is
enhanced by overexpressing Sir proteins or disrupting the
ability of telomeric repeats to sequester these essential
factors [8–10]. There is also ample evidence that centric
heterochromatin in flies can serve as a reservoir or molecu-
lar sink for silencing factors such as HP1, thereby control-
ling their effective concentration at euchromatic loci.
Proximity to this pool, whether by chromosome pairing as
suggested by trans-inactivation or cis-proximity as sug-
gested by distance effects of heterochromatin (Fig. 2), may
facilitate formation of a repressed state by exceeding the
threshold concentration of silencing factors for repression.
A high local concentration of silencing factors per se, or
juxtaposition to this pool in trans, may be sufficient to
repress transcription of any eukaryotic gene. However,
only three examples of trans-repression in Drosophila have
been reported [3], and it is not known whether the local
context of these genes provides elements in cis essential
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for repression. Alternatively, a repetitive organization of
primary sequences may facilitate or promote heterochro-
matinization in conjunction with the critical threshold of
silencing factors. It has consistently been observed that
multiple insertion of a gene, as well as long-range pairing,
correlates with improved repression [17]. On a molecular
level, we imagine that this reflects self-recognition, based
either on DNA sequence or a sequence-specific factor,
leading to a particular higher-order folding pattern that
sequesters the region from transcriptional machinery.
In one case, such multicopy repression in Drosophila was
found to require the presence of specific heterochromatin
factors [16,17], although it could be independent of spe-
cific sequences within the repressed region. In contrast, as
suggested from work in yeast, multiple cis-acting
sequences that have no or only weak silencer activity
alone might cooperate at a distance to repress efficiently,
presumably by a mass action effect [7,15]. In this model,
repression is mediated by the proper juxtaposition of
factors bound to specific sites, which converts them from
neutral or transactivating elements (cryptic silencers) into
ones that nucleate silencing. Interactions between factors
might be transient or permanent, and are likely to occur
over long distances by chromosome looping. In this case,
proximity to heterochromatin would again provide a suffi-
cient pool of silencing factors to enable the combination of
cryptic silencers to function in cis to nucleate repression.
The ability of heterochromatin to act as a molecular sink
for silencing factors may have important consequences for
the transcriptional activity of the entire genome by pre-
venting repression at inappropriate positions and by
enabling factors present in euchromatin and heterochro-
matin to serve differential functions in the two compart-
ments. In yeast, Rap1 is an example of a protein that binds
frequently in the telomeric TG1–3 repeats, yet also binds
multiple sites throughout the genome where it facilitates
rather than represses transcription. In flies, the modifier of
PEV encoded by the modulo gene binds sites in both hete-
rochromatin and euchromatin, and is required for morpho-
genesis of several tissues [18]. Similarly, HP1 is found
both in discrete euchromatic regions, as well as in cen-
tromeric heterochromatin (cited in [19]). Intriguingly, the
GAGA factor, which is a dominant enhancer of PEV and a
positive regulator of homeotic genes (reviewed in [19]),
also appears to colocalize with large blocks of heterochro-
matic satellite repeats [20], although its function there is
unknown. Finally, it has been suggested that the sensitiv-
ity of certain euchromatic loci to the dosage of a hete-
rochromatic element, such as the abo/ABO interaction in
flies, reflects the titration by the heterochromatic element
of a factor required for regulation of the euchromatic locus
(reviewed in [3]).
A regulated sink for silencing factors ?
The distribution of heterochromatic factors within the
nucleus may vary in a regulated manner during develop-
ment. In support of this idea, the strength of heterochro-
matin-mediated silencing in Drosophila was observed to
decrease during differentiation [21]. In contrast, varie-
gated expression of multiple copies of a globin gene in
mice was seen to increase with aging [22]. This age-
dependent silencing may be due to the developmentally
regulated release of silencing factors from a heterochro-
matic compartment. An even more dramatic liberation of
silencing factors is expected when large blocks of hete-
rochromatin are eliminated, which occurs during the
development of some organisms (reviewed in [23]). A
similar mechanism might also be relevant for the putative
role of telomere shortening in human replicative senes-
cence. Finally, the observation that the displacement of
yeast silencing factors from telomeres can prolong a cell’s
life span [24] further suggests that the repetitive telomeric
sequences in yeast can serve, like simple repetitive DNA
in higher eukaryotes, as an innocuous, yet regulatable
reservoir for transcription-repressing factors. 
Although we are beginning to get a handle on the struc-
tural elements of heterochromatin, little is known about
Figure 2
Is the influence of heterochromatin in cis and in trans a matter of local
concentration? (a) A gene (green) that is transcribed in its natural
euchromatic environment (ON) can be repressed in a stochastic
manner (ON/OFF) when inserted in cis-proximity to heterochromatin
(yellow). We suggest that the frequency with which repression can be
established depends on the sensitivity of the gene to a local
concentration gradient of silencing factors (red) created by the
heterochromatin. (b) Similarly, an insertion of heterochromatin may act
in trans to juxtapose the insert-containing locus with centric
heterochromatin (yellow). This results in an increased local
concentration of silencing factors at the homologous wild-type allele,
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ON/OFF
the proteins involved in the subnuclear positioning of
chromosomes or homologue pairing, nor what regulates
these phenomena. It remains to be seen how long-range
interactions of sequences within the nucleus are estab-
lished, and how they communicate to influence general
silencing mechanisms.
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